I. INTRODUCTION
The aims of this paper are twofold. One aim is to confront the predictions of standard molecular dynamics packages such as GROMOS (Groningen molecular simulation system) and CHARMm (chemistry at Harvard molecular mechanics) with experimental values for the same quantity, in this case the rotational reorientation time. Our second aim is to investigate the microscopic origin of the slip and stick hydrodynamic boundary conditions (BC). The test system we have chosen is the amino acid tryptophan in water. We chose tryptophan because of its biological relevance in studies of peptide and protein dynamics and because derivatives in which either or both the amino and carboxyl groups are missing are readily available. This latter circumstance enables us to investigate the influence of these charged groups on the form and time scale of the molecular motion, in both experiment and simulation.
ExperimentalIy molecular reorientation can be monitored by fluorescence or absorption anisotropy measurements, following excitation by a polarized light pulse. The calculation of the experimentally observable time correlation function from simulation results requires detailed knowledge of both the photo physics and transition moment directions in the molecular system. The photophysics of tryptophan is exceedingly complex,I-3 but a reasonable working model for the fluorescence anisotropy is now available. Subpicosecond fluorescence anisotropy measurements in aqueous solutions showed that the time scale of interconversion between Lb and La ~~xcited states is about 1.6 ps and after this the fluorescence anisotropy monitors the reorientation of the La transition moment. 4 The time scale of this reorientation is 35 ± 1 ps at room temperature. 5 Most theoretical calculations of molecular reorientation times approximate the molecule as a symmetric ellipsoid. It is quite possible that the success (or failure) ofhydrodynamic models is masked by the difference in shape between the real molecule and a smooth ellipsoid. 6 Likewise when dielectric contributions to the friction are considered, as recently demonstrated by Alavi and Waldeck,? there are large differences between point dipole (or charge) and distributed partial charges. Thus a molecular dynamics simulation in which the molecular details are included explicitly provides an opportunity to explore some of these issues.
As noted earlier a second motivation for this study was to investigate the physical origins of, and transition between slip and stick boundary conditions. The applicability of the slip Be for small molecules in weakly interacting solvents is well established. 8 ,9 In this case there is no component of tangential stress and the resistance to motion arises solely from the necessity to push solvent molecules out of the way. Thus for a symmetric molecule, motion around a symmetry axis experiences no friction and should occur inertially. In this case, no ambiguity arises as to what the moving object is: It is clearly just the bare molecule. The case of the stick BC is considerably less clear. In the macroscopic version of this limit there is perfect coherence between the motion of the moving object and the first solvent layer. It seems unlikely that this will be literally true for small molecule reorientation. Now, in calculating reorientation times it is possible to trade off size and degree of "stickiness" parameters making quantitative interpretation of experimental results somewhat ambiguous. Nevertheless a substantial number of dye molecules appear to reorient in polar solvents at rates similar to stick BC predictions based on the bare molecular shape. 6 The two boundary conditions make very different predictions regarding the anisotropy of molecular motion. For example, in oblate ellipsoids with a slip BC, motion around the highest symmetry axis is predicted to be inertial, whereas out of plane motion will be diffusive. This prediction has been confirmed for benzene solutions.
10 However, with a stick BC an oblate molecule whose transition moment lies in the molecular plane is predicted to display two reorientation times that are quite similar. 6 Thus it appears that molecular shape is partially washed out by the stick BC. Our earlier experimental studies 5 suggested that 3-methyl indole reoriented in water at a rate consistent with a slip Be. On the other hand, tryptophan appeared to reorient on a time scale more consistent with a stick or partial stick Be, although approximating the shape as a simple ellipsoid introduces significant uncertainty into the calculation.
In a previous studyS molecular dynamics simulations for tryptophan and indole in water solvent were performed with GRaM as. The calculated rotational correlation functions relax roughly exponentially with a lifetime of approximately 8 ps for tryptophan and 2 ps for indole, about 4 times faster than the corresponding experimental values. s The discrepancy was thought to be caused by improperly modeled solvent-solute interactions. Among the various molecular modeling programs, except for different programming algorithms which presumably should not lead to significantly different results other than those arising from numerical errors, the main difference lies in the potential functions and interaction parameters employed; For example, although both are 3-site potentials, the SPC/Ell and TIP3 12 water models differ in their Lennard-Jones interaction parameters and molecular geometries.
In this work, molecular dynamics simulations have been carried out with CHARMm (version 19) for tryptophan (TRP) and a few indoles in TIP3 water solvent. Tryptamine (TMN), 3-indolylpropionic acid (3IPA), indole (lND), and 3-isobutylindole (3IB!) were chosen because they each lack one or both charged groups compared with tryptophan (see Fig. 1 ). We also carried out GROMOS (version of 1987) simulations using SPC/E and TIP3 water models for tryptophan.
II. METHODS
Dynamics runs were carried out for tryptophan, tryptamine, 3-indolylpropionic acid, indole, and 3-isobutylindole. Molecular dynamics simulation has become conventional in recent years and so only the pertinent features of our procedure are presented here. An initial configuration for the molecules of interest was generated either from their x-ray structure or residue topology and parameter files within the programs. The molecule was then placed at the center of a cube containing water molecules. The dimension of the box was adjusted accordingly to reflect the correct water number density at 300 K.
Water molecules whose oxygen atoms lie within 2.6 A (2 A when using GROMOS) of any heavy atom of solute molecules were deleted from the box in order to avoid overlap or close contact between solute and water molecules.
In the GROMOS force field, hydrogen atoms that are attached to carbon atoms are not explicitly treated, but are incorporated into the latter forming the so-called united atoms. Within CHARMm it is possible to choose between the united atom model and a full-hydrogen representation. In all, six simulations were carried out for tryptophan to assess the influence of various factors on its rotational dynamics, among which are potential functions, the number of water molecules in the box, and the united atom assumption. Only one simulation for each of the other indoles was run with CHARMm. Table I lists the molecules simulated and the number of water molecules included in the box together with their potential types.
During the course of a simulation, bond stretching for bonds with hydrogens was suppressed using the SHAKE algorithm such that an integration step size of I fs with CHARMm and 2 fs with GROMOS could be used. A periodic boundary condition was applied to minimize artifacts of boundaries and to ensure a converged equilibrium. Before an MD run was initialized, each of the systems was energy minimized to release bad contacts between atoms or highly strained dihedral angles which might have been introduced when constructing the starting configurations. This was followed by equilibrating the system over a certain period (ranging from 3 to 30 ps, depending on the program used in simulations) to establish total energy conservation. During this process, the velocities of the atoms (which represent the kinetic energy of the system) were periodically scaled to maintain a constant temperature. The final molecular dynamics simulation then took the equilibrated structure as its initial point and freely evolved to generate a trajectory for each of the atoms in the system. Just as with equilibration, a cutoff radius of 8 A was provided to calculate both electrostatic and van der Waals energies, and a provision was made In order to check for numerical errors in the simulations we repeated 50 ps of the TRP4 run. Individual 10 ps segments of the two runs were directly compared and found to be identical. The two GRO-MOS simulations were performed on a Celerity Cl200 computer running UNIX 4.2 BSD.
The fluorescence anisotropy decay measures the time evolution of the second-order Legendre polynomial of the angle between the absorption dipole moment IJ. A at time zero and the emission dipole moment IJ.E at time tofthe chromophore:
It is therefore possible, given the trajectory of the transition dipole moments, to calculate the correlation function of P 2 at time tm using the ergodic assumption that an ensemble average can be replaced by an infinite time average if the system reaches equilibrium. The molecular dynamics analog of this correlation function is
where Nand m are, respectively, the total number of time steps and intermediate time steps in the simulations. The orientations of unit vectors IJ.A and JJ.E at time tn and tn + t m , respectively, are cakulated from the trajectory.
A significant source of error inherent in numerically evaluating this time correlation function is associated with the limitation that an ensemble average cannot be fully realized by a time average over a finite time interval. Nonetheless, some specified accuracy can still be achieved in light of lengths of simulations, rates of relaxations, and different averaging algorithms. Assume the finite time interval is T and define a mean relaxation time (r) by
It is then possible to show that the uncertainty associated with the normalized ensemble averaged correlation function P 2 (t) is given by13
(J' (P 2 (t»:::::(2(r) 
T-t
Consequently, a time correlation function can be computed with better confidence for short-time behavior, and this equation will be used when we make error estimates for our simulations. If P 2 (t) decays exponentially with time, then P 2 (1') = lie and ris the relax-ation time we calculate from a simulation. 
III. RESULTS AND DISCUSSION
Tryptophan and the indoles are characterized by two low lying La and Lb excited states. The short-time behavior of the tryptophan fluorescence anisotropy decay, being sensitive to excited state dynamics, is found to be complicated by the coupling of these two states. Although the emission for times longer than 5 ps originates from the La state, 4 here we simply calculate the rotational correlation functions for both La and Lb independently. No coupling is assumed because it should have no effect upon long-time behavior. The short-time behavior of the fluorescence anisotropy would have to be calculated via a model such as the one described by Ruggiero et al. 4 The orientations of the La andL b transition dipoles have been a subject for much research, and Fig. 2 shows a common representation. 14 A.lndole Figure 3 shows the anisotropy decay calculated using CHARMm for indole in TIP3 water for the La transition moment. Very similar results are obtained for the reorientation ofthe Lb vector. Also shown in Fig. 3 is a decomposition of the correlation function into the in-plane and out-of-plane components. Clearly the in-plane motion dominates the overall motion, as would be expected for a slip BC. The decomposition into the two components is accomplished by attributing rotations within 20 fs time slices as being due to rotations parallel with and perpendicular to the indole plane. The procedure is described in detail in the appendix. The e X, = 180", X2 = 120"; see Fig. 1 (a) .
fXI =90·,X2 = 120"; see Fig. I (b).
• From GROMOS simulations ofTRP5 and TRP6; error estimated at t = 6 ps. h Calculated from van der Waals increments, see Ref. 15. correlation function shown in Fig. 3 is meaningful up to about 10 ps where there is a 38% error, according to Eq. (4). The time constant for the overall reorientation was simply taken as the time for decay to lie and is listed in Table II . The result (6 ps for both La and Lb vectors) is in reasonable agreement with experiment, given that the uncertainty in the "experimental" value is fairly large. The experimental value is obtained by extrapolation from a measurement on 3-methylindole. s We can also compare the simulation result with a hydrodynamic calculation of the reorientation time. If we assume indole is an oblate symmetric top with an axial ratio of 2.4, the three reorientation times predicted based upon a stick BC (Table 6 .1 of Ref. 6) are in the ratio 1.0: 1.03: 1.15. Thus, the motion is essentially isotropic in sharp contrast to the behavior in Fig. 3 . Ifwe use a molecular volume of 110 A 3 (an accurate volume of indole is not available and an estimate was made from a CPK molecular model and from van der Waals increments 15) and an angle of 90° between the transition moment and the symmetry axis then we find T(stick) ~ 36 ps in water at 300 K, very much longer than the experimental or simulated times.
With a slip BC, on the other hand, highly anisotropic motion is expected. The calculation of the out-of-plane motion is straightforward using the table ofHu and Zwanzig. 16 Adopting this procedure gives a reorientation time of 13 ps which compares with 25 ps for the out-of-plane motion (actually resulting from two mutually orthogonal contributions) in the simulation. Under the symmetric ellipsoid approximation the rotation about the symmetry axis is inertial rather than diffusive. Using a moment of inertia 1= 435 g A 2/mol in the expression for the free rotor time TFR = (llk B T)112 gives TFR = 1.3 ps compared to 8 ps obtained for the in-plane motion in the simulation. The greater contribution of inertial motion to the in-plane reorientation is evident in Fig. 3 where a clear break is apparent [at P2 (I) ~0.95] separating inertial and diffusive regimes in the out-of-plane correlation function. The in-plane correlation function shows a much smoother transition between shorttime and long-time behavior. Since the overall reorientation is dominated by the in-plane motion which is only six times slower than the free rotor time, small step diffusion may not be the most appropriate description for the rotational reorientation of indole in water.
B. Tryptophan
Four simulations were carried out for tryptophan using CHARMm as detailed in Table I . The first three simulations (TRP 1-3) have the same initial side chain conformation (Xl = 180., X2 = 120°) and give very similar results. Table   II shows that increasing the number of solvent molecules included in simulations from 112 to 352 or changing from the united atom to full hydrogen representations has little effect on the dynamics. The united atom simulations show a slightly larger inertial component but the effect is small. As  Fig. 4 (a) (TRP3 data) shows, following a rapid inertial drop the correlation function decays smoothly on a much slower time scale. In all cases the inertial portion is somewhat larger and the diffusive decay somewhat faster for the La vector compared with the Lb vector. By extrapolating to the lie point we obtain decay times of ~24 ps for La and ~ 36 ps for the Lb transition. These values are in much closer accord with the experimental value (35 ps) than our earlier,S and current (vide infra) GROMOS simulations. We estimate the errors in P 2 (t) at 10 ps to be roughly 22% and 17% for the La and Lb transitions, respectively.
The finding that the La vector reorients faster than the Lb vector suggests a substantial role for the side chain in determining the dynamics. The Lb vector (see Fig. 2 ) points more or less directly along the side chain. The amount of solvent displaced by motions about the side chain axis is clearly less than for motions around other axes of the molecule. Motion about the side chain axis has little influence on the Lb direction but significantly reorients the La vector. The simulation TRP4 started from a different initial configuration (XI = 90°, 1'2 := 120°), but was otherwise identical to simulations TRPI-3. The configurations for TRPl-3 and TRP4 are shown in Figs. l(a) and l(b). As Fig. 4(b) shows the Lb relaxation in this case is much slower (-67 ps) than in Fig. 4(a) , whereas the La relaxation is about the same (-28 ps). We followed theXI andX2 angles in all four simulations and found that no dihedral interconversions occurred during the runs. In TRP4 the X I angle has a large fluctuation (ranging from 80°-140°) but no transition to the 180° configuration occurred. Since the side chain orientations are preserved we conclude that different rotamers of tryptophan have different rotational dynamics. In order to make a proper comparison with experiment it would therefore be necessary to calculate the Boltzmann weighted average reorientation times for all possible rotamers. with Xl = 90', X, = 120'.
As with indole we have further decomposed the calculated correlation functions into in-plane and out-of-plane contributions. Figures 5(a) and 5(b) show the in-plane and out-of-plane contributions to both La and Lb reorientation for the two side chain orientations described above. Both transition moments are embedded in the indole ring and therefore have the same in-plane motion. In all the simulations La clearly has a faster out-of-plane motion than does Lb' This supports our earlier statement that it is the particular out-of-plane motion corresponding to motion about the side chain axis (which does not reorient Lb significantly) that leads to the faster overall reorientation of La. Table II lists the time constants for the in-plane and out-of-plane components of La and Lb reorientation for each of the systems studied and the more rapid out-of-plane motion for La is evident in all cases (except indole). Times longer than 50 ps should be considered as sufficiently accurate to indicate trends, but not absolute values.
In-plane motion of the indole ring requires significant solvent displacement by the side chain. Such motion might be expected to be sensitive to the side chain orientation, in To conclude this section, we briefly describe the results of two GROMOS simulations on tryptophan (TRP5 and TRP6) using two different water models SPC/E and TIP3. As Fig. 6 shows the correlation function in SPC/E water is qualitatively different than in the CHARMm simulations. The time constant is about 6 ps for both La and Lb transitions. A similar simulation in TIP3 water gives an almost identical decay in the first few picoseconds.
c. Tryptamine and 3-indolylpropionic acid
CHARMm simulations were also carried out for tryptamine [ Fig. 1 (c) ] and 3-indolylpropionic acid [ Fig. 1 (d) ]. As with TRP, no dihedral transitions were observed. In case ofTMN, the overall reorientation times of 14 ps (La) and 20 ps (L b ) are quite close to the experimental values and seem to reproduce the experimental trend on removal of the carboxylic acid group nicely. On the other hand, 3IPA reorients more slowly than expected. To what extent this results from the particular side chain orientation is not presently clear.
In both cases La reorients faster than does L b , again resulting from its more rapid out-of-plane motion as listed in Table II . The effect is particularly marked in 3IPA where the COO -group points roughly along the Lb vector. In tryptamine, the particular configuration studied has the amino group pointing back toward the indole ring and the in-plane and out-of-plane motions are much more similar.
D. 3-lsobutylindole
A 90 ps simulation for 3-isobutylindole was performed, and faster La (12 ps) thanL b (21 ps) relaxation results. The X I dihedral angle was found to undergo 6 transitions in the 90 ps trajectory, the last one occurred at about 86 ps and was accompanied by a simultaneous X 2 transition [see Figs. 7 (a) and 7 (b) ]. The X I angle spans three possible energetically favorable rotamers, which suggests an equilibrium between the various X I conformers is established within 90 ps and the X2 transition is much slower. To evaluate the influence of these transitions on La and Lb rotational dynamics, we decomposed the overall La and Lb rotation into their respective in-plane and out-of-plane components for the first 80 ps as well as the entire 90 ps trajectory. The former calculation shows not only different out-of-plane components as in cases of TRP, TMN, and 3IPA, but also different in-plane rotations. We believe this is associated with the X I transitions since when a dihedral transition occurs, the indole ring
.. ..
. . jumps from one position to another, which contributes differently to La and Lb in-plane rotation. However when this calculation is extended to 90 ps, the difference between the in-plane rotations disappears. This can be attributed to cancellation resulting from the combined effect of X I and X 2 transitions.
E. Origin of the stick boundary condition
Several recent experimental studies of rotational reorientation of medium-sized molecules have provided insight into the origin of the stick boundary condition. Ben-Amotz and Drake l7 investigated the influence 'of size and the proposal of Zwanzig l8 that stickiness arises from atomic-scale roughness on the surface of the moving object. In particular, Zwanzig showed that slip and stick boundary conditions converged for a bumpy cylinder as its radius is increased. In the case of dipolar or charged molecules dielectric friction effects may be important. These have recently been discussed by Simon and Thomson 19 and Alavi et aU Simon and Thomson attempted to decompose the friction into dielectric and nondielectric contributions. They concluded that for their system (oxazine in various alcohols) the dielectric friction contributes 15-20 % of the total friction for excited state reorientation, but that for ground state reorientation the contribution is very small (-1 %). Alavi and Waldeck 7 however showed that point charge or point dipole approximations significantly underestimate the dielectric friction as compared with an explicit charge distribution. These calculations suggest that dielectric friction is comparable to hydrodynamic friction for phenoxazine dyes in DMSO.
Hydrodynamic theory predicts a linear relationship between the rotational relaxation time of a solute and its volume. In the last column of Table II we list the relative volume of TRP, TMN, 3IPA, and 31BI to that of indole obtained by van der Waals increments. IS Also listed are the relative rotational relaxation times from available experimental data. We see that the differences between the rotational relaxation times cannot be fully accounted for by the differences in their molecular sizes, leaving aside the uncertainties in their molecular shapes. Subtracting the expected increase due to the volume change may provide a rough estimate of the contributions from sources other than the volume, for example, from the departure from a simple ellipsoidal shape and/or the presence of charged groups. It is interesting to note that the overall contribution from the COO -and NH/ groups in TRP (1.55 as calculated from above subtractions) may be considered as resulting from additive contributions of COO-(0.71 in 3IPA) and NH/ (0.94in TMN). The IND-3IBI comparison provides an opportunity to assess the influence of departure from a relatively smooth ellipsoidal shape to something closer to the bumpy cylinder model ofZwanzig. 18 Unfortunately no experimental data are available for 31Bl but the ratio between the simulated La relaxation times of 3IBI and IND is about 2, fairly close to their volume ratio of 1.61. The additional increase in reorientation time may well result from the bumpier shape of 3IBI, resulting in solute motions resembling a partial stick Be. ..
.. The distances between water molecules and the NH3+ group (in TRP and TMN) as well as between water molecules and the COO -group (in TRP and 3 IP A) were calculated. Although most of them vary quite drastically, there are a few water molecules (typically 3 for the NH/ group and 4 for the COO -group) whose distances from these charged groups are within 4 A, some even shorter than 3 A, Considering the capacity that NH3+ and COO -groups possess to form hydrogen bonds with water molecules, it is reasonable to speculate these water molecules are "bound" to the charged groups and move with them, although this attachment is not rigid since the relative position of a particular water molecule with respect to the charged groups changes from time to time. The effect of hydrogen bonding in slowing rotational relaxation of solute molecules has been iIIustrated 20 , 21 and explained in terms of solvent attachment under the stick BC assumption. 22 ,23 The fact that these hydrogen bonds do not break within 90 ps time window indicates a rather strong interaction between water molecules and charged groups. The rotating object is no longer a bare molecule; rather it drags nearby solvent molecules along through the specific hydrogen bonding interaction. We therefore calculated the effective volumes of TRP, TMN, and 3IPA by adding 7, 3, and 4 water molecules, respectively, to the bare solute molecules. Even so, the volume ratios of these enlarged molecules with respect to indole fall below the ratios of their rotational relaxation times, suggesting a nonnegligible role for molecular shape and dielectric friction in determining their rotational dynamics. In the TRP case, for example, the volume ratio including 7 water molecules is 2.85. In addition, the observation that 3IBI undergoes dihedral transitions while the others do not suggests an extra complication that the hydrogen bonding may introduce to the rotational dynamics of solute molecules. In other words the inhibition of dihedral transitions by hydrogen bonding may alter the dynamics. With IND and 3IBI, no water molecules are found to be within 5 A of any aromatic atoms and side chain atoms for a period longer than 10 ps.
A more detailed picture of the interactions between solvent and solute may be obtained through calculation of the memory functions associated with the orientational correlation function. 24 ,25 If the time dependence of a quantity may be described by a generalized Langevin equation then its correlation function C(t) is related to the memory function K(t) by numerically to obtain the memory function from the simulation data. 25 ,26 The memory functions for tryptophan, 3IPA, TMN, and 3IB! were qualitatively similar and indicate a non-Markovian short-time motion for the solute molecules. The tryptophan memory functions are shown in Figs. 9 (a) and 9 (b) . The memory functions for the La and Lb vectors are quite different. The initial "collisional" drop is more pronounced for the Lb vector, whereas the La vector exhibits a slower portion ( -0.1 ps) and a negative region which persists until about 0.6 ps. Similar features are observed for the other three molecules. Since coordinates were stored every 20 fs the initial drop is incompletely resolved but 20 fs may be taken as the approximate collision time in these systems. 27 This com- pares with -12 fs estimated from Enskog theory.28.29 We also computed the memory function for TRP from three other CHARMm simulation systems as well as from a shorter trajectory of 50 ps of the same simulation. The characteristics described above are reproducible in all the TRP memory functions. In particular the negative portion of the memory function is highly reproducible. The memory functions for the indole La and Lb unit vectors are shown in Figs. lO(a) and lO(b) . As might be expected they are much more similar to each other than the tryptophan memory functions, since both reorientations are dominated by the same in plane spinning motion. The intermediate region decay of the memory is slower (particularly for L b ) and the negative portion of the memory function less pronounced than for tryptophan La reorientation.
The memory functions shown in Figs. 9 and 10 result entirely from the inertial portion of the orientational correlation functions. Identical results are obtained if only the first picosecond of the calculated correlation function is used. If the memory function is calculated using the correlation function for times longer than I ps, it resembles a delta function. Thus the memory functions do not provide insight into why the diffusional dynamics are different in indole and tryptophan. They do, however, provide some insight into the short-time "inertial" dynamics. The stronger collisional contribution to the memory function for the Lb reorientation of tryptophan and the other molecules with side chains is in line with the qualitative discussion given above which suggested that the side chain has highly anisotropic friction. In other words motion about the side chain axis (which has little reorienting effect on the Lb vector) is significantly easier than motion orthogonol to this axis. The negative portion of the memory function is interesting. Berne and Harp in a study of the reorientation of CO showed that if the angular interactions were strong, the memory function corresponded closely to the angular velocity autocorrelation function. 24 In this case the negative portion of the memory function is associated with interactions which reverse the sign of the angular velocity. The La and Lb reorientations for all the "side chain" molecules appear to have qualitatively different collisional dynamics with little memory being evident beyond 20 fs for Lb reorientation. However, the periodicity of the noisy-looking oscillations is reproducible up to -0.4 ps. The inertial motion is more restricted for Lb (see Fig. 4 ) and the rattling in the cage is more evident in the memory functions. For La reorientation the slower decay of memory indicates the presence of more complex collisional effects. Burshtein et al. 30 interpreted the negative region of orientational memory functions as due to the collective motion of solute and solvent molecules which is consistent with the formation of hydrogen bonds in TRP, TMN, and 3IPA simulations.
IV. CONCLUDING REMARKS
Molecular dynamics simulations using the CHARMm force field and TIP3 water do a good job in reproducing both the relative and absolute reorientation times of tryptophan, indole, and two indole derivatives. All of the reorientations are highly anisotropic: that of indole is dominated by inplane motion while the molecules with side chains show more rapid motion about the side chain axis than in orthogonal directions. This accounts for the different reorientation times of the La and Lb vectors. The motion of indole corresponds to a slip boundary condition, whereas iftryptophan is approximated as a smooth ellipsoid both simulation and experiment correspond to a stick boundary condition. The simulations show that no solvation shell moves with tryptophan. Approximately seven water molecules do move with the two charged groups. From simulations of the uncharged molecule 3IBI we conclude that both polar interactions and deviations from a simple ellipsoidal shape in addition to the volume increase contribute to the factor of 4 slower reorientation in tryptophan as compared with indole.
Memory functions calculated from the simulated correlation functions reveal non-Markovian motion at short times ( .;;; I ps) and diffusive motion at longer times C;;' I ps). The nature of the non-Markovian behavior is sensitive to the vector selected and to the presence and absence of the side chain.
It would be interesting to extend these simulations to include a polarizable water model and the water internal vibrations. An immediate consequence of incorporating polarization into the effective pair potential is to enhance the charges on each of the atoms, as was pointed out in Ref. 11 . GROMOS simulations with the SPC water modelS and with the SPC/E water model (this work) did not reveal any significant difference as far as the solute dynamics is concerned. Yip and co-workers 31 studied the dielectric properties ofwater in a simulation where intramolecular degrees offreedom were taken into account, and emphasized the importance of the molecular flexibility in their simulation. Inclusion of polarizability and internal motion would increase the computational requirements for these types of simulations considerably, but may be feasible in the near future.
